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A B S T R A C T
Spatial-temporal variations of macrofouling organisms that attach to ecological floating beds (EFBs) in the
Yundang Lagoon were investigated to identify factors that influence the appearance of macrofouling organisms.
Results show that the composition, abundance, biomass, and dominance of macrofouling organisms on EFBs
exhibited significant seasonal variation. Pearson correlation analysis indicates that the abundance and biomass
of the bivalve Mytilopsis sallei showed negative correlation with root biomass (p < 0.05) and particulate matter
(p < 0.05). Environmental (temperature and salinity, p < 0.05) and biological (bottom-up control) factors are
the main drivers of population turnover. There were significant species differences of macrofouling organisms
within the different parts of the lagoon, which were attributed to environmental characteristics such as hy-
drodynamics, dissolved oxygen, and the degree of eutrophication. Results of this study provide a basis for
controlling macrofouling organisms, while improving the stability of EFBs and the efficiency of ecological re-
storation.
1. Introduction
Ecological floating beds (EFBs) embedded with terrestrial plants are
used to remove nutrients or pollutants from aquatic environments and
have received increasing attention (Lee, 2013). EFBs are a type of
phytoremediation technology that is a cost-effective alternative to
conventional technologies with an aim to remove heavy metals; per-
sistent organic pollutants; and excessive nutrients from lakes, ponds,
and rivers (Miyazaki et al., 2004; Ali et al., 2013; Gerhardt et al., 2017;
Zheng et al., 2019). Compared to the floating plant system, EFBs are
easy to manage and harvest (Huang et al., 2017).
The core principle of EFBs is to grow terrestrial plants on a floating
bed that is placed on the surface of the water. The roots of the plant
stretch into the water and absorb nutrients, minerals, and other pollu-
tants, thereby improving the water quality. Harvesting the plants
eventually removes the target contaminants from the water (Jayaweera
and Kasturiarachchi, 2004; Fox et al., 2008). Furthermore, the plants
can adsorb a substantial amount of suspended particles through their
roots. The rhizosphere of the plants can efficiently decompose organic
matter (OM) and greatly lessens OM loading in water (Sang and Kong,
1999). Some plants can also secrete anti-algal (or allelopathic) sub-
stances and suppress the growth of red-tide-causing organisms (Yang
et al., 2008).
The application of EFBs is increasingly challenging in coastal waters
than in freshwater environments owing to the presence of macrofouling
organisms such as barnacles and mussels (Myan et al., 2013). In our
experience, the deployment of EFBs in the Yundang Lagoon (Xiamen,
China) suggests that marine macrofouling organisms pose a threat to
floating beds. Although filter feeder macrofouling organisms such as
bivalves and ascidian help to filter out suspended particles and phyto-
plankton, which increases water transparency, heavy loading of the
macrofouling organisms leads to deformation of the floating beds,
slower growth of accumulator plants, and decreased phytoremediation
performance (unpublished results). Few studies have investigated the
growth and succession of macrofouling organisms on EFBs, which is
very important for prolonging the service life of EFBs. Thus, our ob-
jectives were to 1) investigate the composition and spatiotemporal
variation of macrofouling organisms, 2) determine whether fouling
organisms affect the growth of plant roots, and 3) identify environ-
mental and biological factors that influence the spatiotemporal varia-
tion of fouling organisms. In this study, the spatial and temporal var-
iations of macrofouling organisms attached to the roots of a halophyte,
Sesuvium portulacastrum, were recorded in the years 2009, 2010, and
2011. Information presented herein provides valuable clues for future
treatments of macrofouling organisms on EFBs.
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2. Materials and methods
2.1. Study area and sample collection
The Yundang Lagoon, which is connected to the Taiwan Strait, is
located on the western coast of Xiamen Island in Fujian Province, China
(Fig. 2). It is a highly eutrophic shallow lake with an average and a
maximum depth of approximately 2.5 m and 4m, respectively (Zheng
et al., 2014; Zheng et al., 2019). The original area of the lagoon was
10 km2; however, this number has decreased to 2.2 km2 because of land
reclamation that began in the early 1970s. Since the 1990s, several
dredging projects have been carried out to improve the water dynamic
conditions in the lagoon. Because of the upstream sewage water dis-
charge, large amounts of nitrogen and phosphorus have been released
into the lagoon, which has resulted in severe eutrophication. Red tide
and macroalgal blooms are common in this lagoon (Huang et al., 2013).
The decomposition of the accumulated OM after the blooms results in
an unfavorable odor, thereby deteriorating the environmental quality
and affecting human health.
In December 2008, 90 halophytes S. portulacastrum were planted on
each EFB at three sites in the Yundang Lagoon. The EFB was rectan-
gular, 227 cm long, and 113 cm wide. It was mainly composed of a
double-layer transparent polyvinyl chloride (PVC) film and an ethylene-
vinyl acetate copolymer (EVA) foam strip uniformly interspersed
therein. The EFBs and sampling layout are shown in Fig. 1. The three
sites were located at the inner bay, canal, and Songbai Lake (Fig. 2).
The water exchange between the inner bay and the canal is artificially
regulated by a sluice, with a water residence time of approximately
3 days (Zheng et al., 2019); the water is then transported to the up-
stream Sonbai Lake from the Yundang Lagoon by pumping. Macro-
fouling organisms growing on the roots of S. portulacastrum were
sampled monthly from April 2009 to March 2010 at site A and collected
at all sites monthly from November 2010 to April 2011 (Spring: Mar,
Apr, May; Summer: Jun, Jul, Aug; Autumn: Sep, Oct, Nov; Winter: Dec,
Jan, Feb). For each sampling, 3 to 5 individual plants from each site
were collected by hand and stored in plastic bags, and they were im-
mediately transported to the laboratory.
In situ water parameters including temperature, salinity, pH, and
dissolved oxygen were recorded with YSI 6600 sondes at the time of
sample collection. Nutrient data (NH4+-N, NO2−-N, DIN, and DIP)
were provided by the Yundang Lagoon Management Center. Following
separation of the plant, macrofouling organisms, and sediment on the
roots, the macrofouling organisms were identified and counted. The
fresh weights of roots, macrofouling organisms, and sediment were
measured using an electronic balance.
2.2. Data analysis
Dominance (Y) was calculated on the basis of the frequency of oc-
currence of each species and the relative number of individuals
(Simpson, 1949):
= ×Y n N f( / )i i (1)
where Y is the degree of dominance; N is the total number of in-
dividuals of macrofouling organisms in the sample; ni is the total
number of individuals in the ith species in the sample; and fi is the
frequency of this species at each station. When Y > 0.02, the species is
identified as the dominant group. ANOVA was used to analyze the
significant differences between seasonal and spatial variations of mac-
rofouling organisms. Water temperature, salinity, and pH correlated
with abundance and biomass of plant roots and macrofouling organisms
using Pearson correlation coefficient in SPSS software (version 13.0).
Redundancy analysis (RDA) was conducted using Canoco for Windows
(version 5.0, Wageningen, The Netherlands).
3. Results
3.1. Composition and seasonal variation of macrofouling organisms
Twenty species of macrofouling organisms were observed within 47
samples. There were five crustacean species (Corophium uenoi,
Grammaropsis laevipalmata, Ampithoe valida, Caprella scaura, and
Amphibalanus amphitrite), four polychaete species (Capitella capitata,
Pseudopolydora antennata, Perinereis cultrifera, and Loimia medusa), three
Fig. 1. The sampling layout of EFBs.
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bivalve species (Mytilopsis sallei, Concha ostreae, and Perna viridis), two
ascidian species (Molgula manhattensis and Styela plicata), and two
polyzoa species (Bugula neritina and Zoobotryon verticillatum). Other
minor groups included Omobranchus germaini, Portunus pelagicus,
Enteromorpha clathrata, and Ulva lactuca.
The average monthly biomass of the macrofouling organisms was
96.16 g shoot−1, and the average monthly abundance was
1056.91 ind shoot−1 (Fig. 3). The biomass of the macrofouling organ-
isms was generally higher in the summer and autumn than in the winter
and spring, The highest value (209.8 g shoot−1) was recorded in the
spring of 2009, whereas the lowest value (14.1 g shoot−1) was recorded
in the winter. ANOVA results indicate that the biomass of macrofouling
organisms in the winter was significantly lower than that in the spring
(p=0.033) and autumn (p=0.006). In contrast, the variation of
abundance exhibited a reverse pattern, with a higher abundance in the
winter and spring than in the summer and autumn. The maximum value
was 10,363.50 ind shoot−1 in the spring, while the minimum value was
126.25 ind shoot−1 in the summer. The abundance of macrofouling
organisms in the summer was significantly lower than that in the spring
(p=0.035) and winter (p=0.046). The inconsistency between
biomass and abundance was due to different species compositions
during different periods.
The major macrofouling organisms observed on the plants were
amphipods (C. uenoi, A. valida, G. laevipalmata, and C. scaura), bivalves
(M. sallei), and polyzoa (M. manhattensis and S. plicata). However, each
species was dominant during different periods. Amphipods mainly oc-
curred in late autumn and late spring when the water temperature was
low, but they disappeared in the summer. Their highest abundance and
biomass were observed in March, with 10,227.50 ind shoot−1 and
15.97 g shoot−1 recorded for abundance and biomass, respectively. The
bivalveM. sallei was a dominant species between early summer and late
autumn. Their number increased rapidly after a slight decline in May,
peaking in October at 92.26% total abundance. Their abundance then
dropped sharply with the population disappearing in the winter (Fig. 4-
A). The changes in M. sallei abundance were similar to those of the
biomass. The maximum value was 163.98 g shoot−1 in October, ac-
counting for 99.98% of the total biomass (Fig. 4-B). Ascidians were
observed in the winter and spring. Their abundance appeared to be
higher in December (92.00 ind shoot−1), peaked in March
(134.00 ind shoot−1), and then gradually decreased to zero in July
Fig. 2. Study site in Yundang Lagoon, Xiamen island (left panel), and location of sampling sites in Yundang Lagoon (right panel). The star signs represent the sites for
EFBs and water sampling.
Fig. 3. Monthly variation (April 2009–March 2010) of abundance (A) and biomass (B) of macrofouling organisms on the roots of S. portulacastrum in Yundang Lagoon
(the labels a, b, and c mean the difference is significant at the 0.05 level).
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(Fig. 4-A). The biomass of ascidians fluctuated throughout the year,
with the maximum value detected in April 2009 (88.81 g shoot−1).
Polyzoans were observed only in April, May, and June, with monthly
biomass of 26.12 g shoot−1, 23.74 g shoot−1, and 5.39 g shoot−1,
respectively. Polychaetes and other species were rare with low abun-
dance and biomass.
In terms of the relative abundance and biomass composition of the
four major groups of macrofouling organisms (Fig. 5), amphipods and
Fig. 4. Monthly variation (April 2009–March 2010) of the abundance (A) and biomass (B) of each group of macrofouling organisms on the roots of S. portulacastrum
in Yundang Lagoon.
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ascidians were dominant in the winter and spring, respectively,
whereas bivalves dominated in the summer and autumn. Amphipods
were the absolute dominant group in the winter and spring, accounting
for 42.33%–98.83% of the total macrofouling organism abundance and
an annual relative abundance of 82.24% (Fig. 5-A). However, owing to
their small size, the average annual amphipod biomass was only
1.37 g shoot−1, occupying<2% of the average total biomass (Fig. 5-B).
Ascidians mainly occurred in the winter and spring, during which their
biomass contributed to the total biomass (11.69%–82.20%). However,
because of the high abundance of amphipods at the time, the relative
abundance of ascidians was relatively low (0.71%–16.11%). The bi-
valve M. sallei dominated in the summer and autumn, with relative
abundance and biomass of 17.44%–100% and 30.76%–100%, respec-
tively (Fig. 5-A, B). Polychaetes and other groups contributed little to
abundance and biomass of root-associated macrofouling organisms.
3.2. Dominance analysis of the macrofouling organism community
The dominance of each species varied for different periods. The
dominant group in the winter and spring was amphipods, with a much
higher dominance (0.46–0.99) for amphipods than for other groups. In
the summer and autumn, the bivalve M. sallei was the dominant group;
however, it exhibited a lower dominance (0.17) in November 2009.
From June to October, its dominance (0.85 to 1.00) was much higher
than that of the other groups of organisms. Polychaetes appeared in the
winter and spring and were predominant in April 2009. Their dom-
inance during the other periods was<0.02. Ascidians appeared on the
plant roots in the winter and spring and predominated in April, May,
June, and December of 2009 (see Table 1).
3.3. Correlation among macrofouling organisms, plant roots, and sediments
Fig. 6 shows the variations in root biomass, from April 2009 to
October 2009, which fluctuated between 20.21 and 50.40 g shoot−1
and showing an increasing trend over time. The lowest observed bio-
mass (20.21 g shoot−1) occurred in June 2009, while the highest
(87.00 g shoot−1) was observed in March 2010, with an average value
of 48.48 g shoot−1 for the whole year. More sediments were found on
the roots in the winter than in other seasons. The highest mass of
sediments (89.60 g shoot−1) was observed in March 2010, while the
lowest (37.16 g shoot−1) was observed in October 2009. However, the
weight-specific mass of sediments (approximately 1.08 g g−1 root) re-
mained stable throughout the year (Fig. 7), indicating control of root
mass on sediment loading.
Pearson correlation analysis was performed to investigate the re-
lationship between macrofouling organisms and root biomass or sedi-
ment mass (Table 2). Results showed that the amphipod abundance and
biomass were significantly correlated with the root biomass of the
plant. The abundance or biomass of the bivalve M. sallei was negatively
correlated with root biomass (p < 0.05), whereas the abundance of
ascidians was positively correlated with root biomass. For other groups
of organisms, polychaetes and polyzoa did not significantly correlate
with root biomass. Correlation analysis between sediments on the root
and the macrofouling organisms exhibited similar results.
Fig. 5. Monthly variation (April 2009–March 2010) of the relative abundance (A) and biomass composition (B) of macrofouling organisms on the roots of S.
portulacastrum in Yundang Lagoon.
Table 1
Index of group dominance of macrofouling organisms on the roots of S. portu-
lacastrum in Yundang Lagoon (April 2009–March 2010).
Month Dominance (Y)
Amphipods Polychaetes Bivalves Ascidians Other group
April 0.46 0.02 0.36 0.06 0.07
May 0.55 <0.02 0.36 0.08 <0.02
June - < 0.02 0.85 0.13 -
July - - 1 - -
August - < 0.02 0.99 - < 0.02
September <0.02 <0.02 0.87 - < 0.02
October 0.07 - 0.92 - -
November 0.83 - 0.17 - -
December 0.81 - < 0.02 0.19 -
January 0.99 <0.02 < 0.02 <0.02 -
February 0.99 - - < 0.02 -
March 0.99 <0.02 - <0.02 -
Note: “-”the species did not appear.
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Fig. 6. Monthly variation (April 2009–March 2010) of the root weight of S. portulacastrum in Yundang Lagoon.
Fig. 7. Monthly variation (May 2009–March 2010) of sediments on the roots of S. portulacastrum in Yundang Lagoon.
Table 2
Pearson correlation coefficient between macrofouling organisms, plant roots, and adherent particles on the roots (n=46).
Parameter Correlation
Amphipods Polychaetes Bivalves Ascidians Polyzoa Other groups
Root Abundance 0.485⁎⁎ −0.1 −0.340⁎ 0.341⁎ – −0.112
Biomass 0.486⁎⁎ −0.077 −0.336⁎ 0.284⁎ −0.03 −0.178
Particulate matter Abundance 0.564⁎⁎ −0.038 −0.477⁎⁎ 0.331⁎ – −0.26
Biomass 0.574⁎⁎ −0.034 −0.409⁎⁎ 0.699⁎⁎ 0.039 −0.072
⁎⁎ Correlation is significant at the 0.01 level (1-tailed).
⁎ Correlation is significant at the 0.05 level (1-tailed).
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3.4. Relationship between water quality parameters and macrofouling
organisms
Monthly variations of temperature, salinity, pH, and dissolved
oxygen are shown in Fig. 8. The water temperature fluctuated largely
(13.80–30.28 °C), exhibiting the lowest value in March and the highest
in July. The average temperature was 21.94 °C. The salinity remained
relatively stable throughout the year at approximately 29‰. The pH
varied between 6.77 and 8.32. The DO was consistently above
3mg L−1, except in April (2.31mg L−1). The temporal and spatial
variation of nutrients is shown in Fig. 13. Dissolved inorganic nitrogen
(DIN) and dissolved inorganic phosphorus (DIP) of Songbai Lake were
higher than those in other areas, especially during December and
March. Ammonia comprised the highest ratio of inorganic nitrogen.
Pearson correlation analysis and RDA show the relationship be-
tween macrofouling organisms and environmental variables (Table 3,
Figs. 9, 11). The results indicate that the ascidian species were mainly
correlated with water temperature. The biomass and abundance of
amphipods and ascidians were negatively correlated with water
temperature (13.8 °C–30.3 °C); however, there was no significant re-
lationship between salinity, pH, and DO and the biomass or abundance.
The biomass and abundance of M. sallei were positively correlated with
water temperature, salinity, and pH, while highly significant negative
relationship existed with DO. The abundance of polychaetes negatively
correlated with water temperature. Finally, the biomass of polyzoans
and other groups negatively correlated with DO (Table 3).
3.5. Spatial variation of macrofouling organisms
The species composition of macrofouling organisms differed be-
tween the inner bay, main canal, and Songbai Lake (Fig. 10, Table 5).
Amphipods and ascidians were the major groups on the roots of the
floating bed in the inner bay. Here, amphipods were the dominant
species, accounting for 81.29%–99.81% of the total abundance. Their
dominance (0.81–1.00) in the inner bay was much higher than the
dominance of other groups, with the highest abundance
(19,861.33 ind shoot−1) observed in March 2011, although ascidians
were not the dominant group, reaching 71.38%–93.87% of the total
Fig. 8. Water quality of the sampling site A in Yundang Lagoon (April 2009–March 2010).
Table 3
Pearson correlation coefficient between plant roots, water quality parameters, and macrofouling organisms (n= 46).
Parameter Correlation
Amphipods Polychaetes Bivalves Ascidians Polyzoa Other groups Plant root
Temperature Abundance −0.560⁎⁎ −0.380⁎⁎ 0.592⁎⁎ −0.543⁎ – −0.159 −0.494⁎⁎
Biomass −0.556⁎⁎ −0.246 0.561⁎⁎ −0.551⁎⁎ −0.222 −0.089 −0.494⁎⁎
Salinity Abundance −0.049 −0.069 0.480⁎⁎ −0.184 – 0.106 −0.349⁎⁎
Biomass −0.046 0.009 0.373⁎⁎ −0.21 0.025 0.1 −0.349⁎⁎
pH Abundance 0.03 −0.241 0.246⁎ −0.258⁎ – −0.186 −0. 201
Biomass 0.022 −0.195 0.327⁎ −0.163 −0.169 −0.051 −0. 201
DO Abundance 0.073 0.001 −0.478⁎⁎ 0.086 – −0.438⁎⁎ 0.128
Biomass 0.067 −0.182 −0.486⁎⁎ −0.05 −0.045 −0.193 0.128
⁎⁎ Correlation is significant at the 0.01 level (1-tailed).
⁎ Correlation is significant at the 0.05 level (1-tailed).
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biomass. Macrofouling organisms in the main canal appeared from
February 2011, with polychaetes and amphipods as the dominant
species. At this site, polychaetes exhibited primary dominance
(0.61–0.63), with the highest abundance (2421.33 ind shoot−1) re-
corded in February 2011. The amphipod dominance was 0.37–0.39,
second to the polychaetes (Table 4). Finally, in Songbai Lake, there was
only one biofouling organism (an unknown insect larvae).
4. Discussion
4.1. Macrofouling organisms of the ecological floating bed system
In this study, 20 species of macrofouling organisms were identified
on plant roots in the Yundang Lagoon. Of these, amphipods, bivalves,
and ascidians were the main dominant groups. Previous studies have
indicated that numerous invertebrates that are< 2.5 cm in size inhabit
shallow reef crests, lagoons, and rock foreshores, where amphipods are
usually the dominant animal groups (Brawley and Adey, 1981; Brawley
and Fei, 1987; Tegner and Dayton, 1987; Duffy, 1990; Geertzhansen
et al., 1993; Duffy and Hay, 2000; Balducci et al., 2001; Kraufvelin
et al., 2006). Our study had similar findings in that amphipods were
also dominant on the roots of S. portulacastrum, accounting for 82.24%
of the community. Amphipods mainly occur in the late autumn to the
end of spring. During this time, the water temperature in the Yundang
Lagoon is low; when the water temperature increases, the amphipods
disappear. This phenomenon is consistent with the results of the cor-
relation analysis and RDA (Table 3, Figs. 9 and 11). Although water
temperature is a key environmental factor affecting the survival and
growth of amphipods (Mills and Fish, 1980; Wang et al., 2009), the
biomass and abundance may have also been influenced by other
parameters, especially biological factors (e.g., food, predator), which
were not measured in this study.
The bivalve M. sallei was another dominant biofouling species on
the roots of S. portulacastrum. They use byssus to attach to artificial
facilities, such as buoys at sea, causing serious damage. As the tem-
perature increased, the dominant species converted from amphipods to
M. sallei, whose abundance and biomass peaked in October. Morton
(1989) found that M. sallei reproduction peaked in both summer and
autumn in Hong Kong. The M. sallei population living in the coastal
waters of Fujian province, China, exhibited high reproduction in the
summer (Lin, 2009) and the peak of attachment occurred in June and
July. In this study, the abundance and biomass of M. sallei were posi-
tively correlated with water temperature and reached its highest den-
sity in June and grew until October. In addition to temperature, salinity
was also an influencing factor affecting population variations of M.
sallei. When the salinity of the seawater decreases, the osmotic pressure
of M. sallei changes, resulting in a decreased feeding rate (Peng et al.,
2012). In addition, biological factors also determined population
abundance and biomass. The abundance of microalgae is higher be-
tween summer and autumn (Li et al., 2007). Microalgae and particulate
organic matter (POM) are important food sources for M. sallei; thus,
Fig. 9. Redundancy analysis (RDA) of macrofouling organisms and environ-
mental variables in different months.
Fig. 10. Site-specific variation (November 2010–April 2011) of the root (A) and plant (B) biomass (the labels a, b, and c mean that the difference is significant at the
0.05 level).
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bottom-up control of the food web affects its population variation. M.
sallei has become the dominant species of macrofouling organisms in
the coastal waters of Fujian Province, endangering local bivalve aqua-
culture.
4.2. Effects of macrofouling organisms on root growth
The growth of roots in S. portulacastrum varies during different
seasons, which largely affects the remediation performance (Wang
et al., 2018). Another factor that affects root growth is the attachment
of macrofouling organisms. Pearson correlation analysis showed that
the abundance and biomass ofM. sallei negatively correlated to the root
biomass; however, other groups of organisms had minor effects on root
growth (Table 2). Additionally, Pearson correlation analysis indicated
that the biomass negatively correlated with water temperature and
salinity (Table 3). The high temperature and salinity in the summer
stimulates the growth and reproduction of M. sallei (Morton, 1989;
Astudillo et al., 2017). The enhanced growth of the bivalves then limits
root growth. In addition, it is speculated that fishes and crabs in the
Yundang Lagoon consume the roots. However, the roots grew well in
the winter because the activities of the fish and crabs were limited by
the low temperature (Zittier et al., 2013; Clauson-Kaas et al., 2017;
Colchen et al., 2017) M. sallei is an opportunistic species that imple-
ments r-life strategies (Morton, 1989). During the breeding seasons, a
large number of juveniles attach to the roots, forming a dense and thick
layer of macrofouling organisms that impedes the growth of roots
(Fig. 12). In winter and spring, the low temperature ceased the growth
of M. sallei, thus improving root growth. The improved root growth
subsequently suffocated M. sallei, causing further death.
4.3. Decontamination of macrofouling organisms to improve water quality
Although heavy loading of macrofouling organisms can damage the
floating bed and affect the growth of plant roots, macrofouling organ-
isms can also help to improve the water quality. Numerous studies
Table 4
Index of group dominance of macrofouling organisms on the roots of S. portulacastrum in the inner part and main canal of Yundang Lagoon (November 2010 to April
2011).
Month Dominance (Y)
Inner bay Main canal
Amphipods Polychaetes Ascidian Amphipods Polychaetes Ascidian
Nov. – – – – – –
Dec. 0.81 – 0.19 – – –
Jan. 0.98 0.00 0.01 – – –
Feb. 0.98 – 0.02 0.39 0.61 0.00
Mar. 0.99 0.01 0.00 0.37 0.63 0.00
Apr. 1.00 0.00 0.00 0.38 0.62 –
Table 5
Abundance and biomass of macrofouling organisms on the roots of S. portulacastrum in inner lake, main canal, and Songbai Lake.
Month Parameter Inner bay Main canal Songbai Lake
Amphipods Polychaetes Ascidians Amphipods Polychaetes Ascidians Insect larva
Nov. 2010 Abundance – – – – – – –
Biomass – – – – – – –
Dec. 2010 Abundance 404.00 ± 377.35e – 92.00 ± 76.45a – – – –
Biomass 0.93 ± 0.70c – 22.40 ± 22.18b – – – –
Jan. 2011 Abundance 1826.67 ± 268.23d 2.67 ± 3.06b 25.67 ± 17.10a – – – –
Biomass 1.75 ± 0.27c 0.15 ± 0.25a 24.04 ± 17.67b – – – –
Feb. 2011 Abundance 7952.00 ± 484.97ba – 128.67 ± 17.9aa 89.67 ± 24.91bb 142.33 ± 112.96b 0.67 ± 1.15ab 2.33 ± 2.52b
Biomass 10.89 ± 3.30ba – 64.75 ± 24.38aa 0.11 ± 0.03bb 0.11 ± 0.07b 0.04 ± 0.07ab 0.01 ± 0.01b
Mar. 2011 Abundance 19,861.33 ± 1143.23aa 101.33 ± 66.61ab 69.67 ± 4.62aa 1432.00 ± 865.04ab 2421.33 ± 1253.76aa 1.67 ± 1.53ab 14.33 ± 9.02b
Biomass 21.44 ± 1.18aa 0.22 ± 0.06ab 71.28 ± 9.86aa 1.94 ± 1.35ab 1.11 ± 0.47aa 1.10 ± 1.20ab 0.05 ± 0.03b
Apr. 2011 Abundance 3301.33 ± 1132.40ca 1.33 ± 2.31bb 4.67 ± 7.23a 204.00 ± 124.96bb 332.00 ± 109.98ba – 58.00 ± 13.75a
Biomass 7.69 ± 4.41ba 0.00 ± 0.01ab 19.20 ± 29.69b 0.23 ± 0.14bb 1.19 ± 0.16aa – 0.17 ± 0.02a
Note: 1) Abundance unit= ind shoot−1; biomass unit= g shoot−1; 2) the first and the second letter mean significant differences of months and sites separately at the
0.05 level.
Fig. 11. Redundancy analysis (RDA) of macrofouling organisms and environ-
mental variables in different sites and months (MC: main canal, IB: inner bay,
SB: Songbai Lake).
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indicate that bivalves are strong filter-feeders. They can ingest a large
amount of phytoplankton, thereby improving water quality (Cloern,
1982; Prosch and Mclachlan, 1984; Bi et al., 2002). Common shellfish
such as mussels, scallops, cormorants, and oysters can take up most
small organic particles (Bougrier et al., 1995). Furthermore, filter-
feeding shellfish can suppress the growth of phytoplankton in aqua-
culture waters (Carlson et al., 1984; Dame et al., 1985; Nichols, 1985;
Dame and Dankers, 1988; Dame et al., 1989). Asmus and Asmus (1991)
found that mussels can consume a substantial amount of phyto-
plankton. When stocked to a moderate density, mussels can maintain a
stable phytoplankton density. Bi et al. (2002) found that a high density
of shellfish reduced the density of phytoplankton by 97% in Xiaoyao
Bay. Zhang et al. (2005) reported that the feeding rates of Ruditapes
philippinarum for organic particles and chlorophyll were
0.98mg h−1 ind−1 and 1.05 μg h−1 ind−1, respectively. R.
philippinarum can effectively control the growth of phytoplankton. Lin
and Yang (2006) studied the influence of M. sallei on phytoplankton in
Maluan Bay and found that large-scale reproduction of M. sallei had
strong effects on the growth of phytoplankton while reducing the
chance of red tide. A laboratory experiment also indicated that the
feeding rate of M. sallei on phytoplankton is 0.06 μg Chla h−1 ind−1. As
the abundance of M. sallei was high in the summer and autumn
(>104 indm−2), it is possible that the presence ofM. sallei on the roots
could inhibit the occurrence of red tide to a certain degree. In our
previous study (unpublished results), we found that EFBs have a sig-
nificant restoration effect after a 5-year application of BEFs
(2007–2012). Not only did the concentration of nutrients and con-
taminations in the water decrease, but the solid particles and micro-
algae density also sharply decreased. Thus, we speculated that macro-
fouling organisms, especially bivalves, substantially contributed to this
Fig. 12. Influence of Mytilopsis sallei on the growth of plant roots. A-roots without macrofouling organisms; B-roots attached with high density of bivalves Mytilopsis
sallei.
Fig. 13. Temporal (November 2010–April 2011) and spatial variation of nutrients.
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phenomenon. In our future research, we will quantify the percentage of
contribution by bivalves, especially M. sallei.
4.4. Effect of different water environments on macrofouling organisms
The water quality of the inner bay, main canal, and Songbai Lake
exceeded the National IV water standards (SOA, 1997). The pollution at
the three sites differs in terms of their pollution sources and hydro-
dynamics (Chen et al., 2010). The internal drainage canals in the inner
lake are largely affected by the tide. In contrast, the impact of tides on
the main canal is relatively small, leading to a slower water flow in this
area. Water movement in Songbai Lake is mainly controlled by a
pumping station; otherwise, it was stationary. The water quality ana-
lysis indicates that Songbai Lake was largely affected by freshwater
input from terrestrial sources and wastewater discharge, resulting in
large water quality fluctuations, low salinity, extremely low dissolved
oxygen, high ammonia nitrogen, and very harsh living conditions.
There was no significant difference in temperature, salinity, pH, and DO
between the main canal and inner bay; however, the main canal was
greatly influenced by the surrounding sewage discharge, resulting in a
nutrient concentration higher than that of the inner bay. In addition,
the heavy metal concentration of the sediment and water in these three
sites also indicated that Songbai Lake was the most polluted area (un-
published results). Thus, the pollution levels in the three regions are in
the order of Songbai Lake>main canal> inner lake.
Numerous studies indicate that ammonia and nitrous oxides in
water are very toxic to aquatic organisms, especially larvae (Nogaro
et al., 2013; Boltovskoy et al., 2015; Stephens et al., 2017). Ammonia is
present in two forms, namely, ionic ammonia and nonionic ammonia.
Nonionic ammonia is highly fat-soluble and easily penetrates the cy-
tomembrane, thereby destroying energy metabolism, ion exchange, and
osmotic balance of cell. It is the main toxic form of total ammonia ni-
trogen and is tens or even several hundred times more toxic than ionic
ammonia (Thurston et al., 1981; Broderius et al., 1985; Baumhardt
et al., 2016). Aquatic nonionic ammonia concentrations <
0.02mg L−1 do not impact fish growth, reproduction, or other life
activities; however, concentrations above 0.2mg L−1 will harm most
species of fish.
Nitrite is an intermediate that is produced when the nitration re-
action cannot be completely carried out (Wongkiew et al., 2017). The
toxic mechanism of nitrite is similar to that of ammonia-nitrogen poi-
soning. Aquatic organisms are first exposed to nitrite during respiration.
It then enters the blood from the gill-filaments and combines with he-
moglobin to form high-valence-state hemoglobin that does not have the
function of transporting oxygen (Serezli et al., 2016); thus, aquatic
organisms may suffer from hypoxia and even suffocation (Lewis and
Morris, 1986). In general, a nitrite concentration of ≥0.1mg L−1 in
water is toxic to aquatic organisms. Results of this study show that the
inner bay exhibited higher water quality, lower concentrations of
nonionic ammonia and nitrite, and the higher species and number of
macrofouling organisms in the roots of the floating bed than the other
sites. Eutrophication of the main canal was higher than that of inner
bay, and the macrofouling organisms on the floating bed plant roots
were dominated by the high survival macrofouling organisms, namely,
Corophium uenoi (Amphipod) and C. capitata (Polychaete). Songbai Lake
had extremely low dissolved oxygen, a high concentration of nonionic
ammonia, and a harsh living environment, with only a type of insect
larvae observed on the roots. In addition, a layer of oil was adsorbed on
the roots of the floating bed in Songbai Lake. Thus, this area is not
suitable for the growth of macrofouling organisms.
5. Conclusions
EFBs are a promising technology for in situ restoration of eutrophic
waters. However, the overgrowth of macrofouling organisms can da-
mage the EFBs, reduce the performance of the remediation, and shorten
the service life of the bed. The species, abundance, and biomass of the
macrofouling organisms attached onto the EFBs in the Yundang Lagoon
varied spatially and temporally. The dominant species in the summer
and autumn was the bivalve M. sallei, while amphipods and ascidians
dominated during the winter and spring. On the EFBs deployed in the
Yundang Lagoon, a greater amount of biomass of macrofouling organ-
isms was observed in the summer and autumn, while a higher abun-
dance was found in the winter and spring than in the other seasons.
Water temperature had significant effects on the occurrence and dis-
tribution of macrofouling organisms. More macrofouling organisms
were found in the inner lake than in Songbai Lake, possibly due to
different degrees of pollution and water dynamics. Although the growth
of biofouling organisms may have negative effects on the performance
of EFBs, some species such as M. sallei can help to filter out organic
particles and suppress algal blooms in coastal waters. In brief, the
spatiotemporal variations of macrofouling organisms were mainly in-
fluenced by temperature and water quality, and the dominant species
exhibited seasonal turnover; the information presented in this study
benefits future research of BEFs and management of macrofouling or-
ganisms on BEFs.
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